Microvascular endothelial cells isolated from fenestrated capillaries have been shown to form tubes in vitro, thereby demonstrating that they retain the ability to express some degree of their in vivo differentiated phenotype. However, some of their physiologically important structural features, such as transendothelial openings (i. e., diaphragmed fenestrations and transendothelial channels) are lost or are greatly reduced in number. In this study, cloned bovine adrenal cortex endothelial cells were cultured on plastic or on a basal lamina produced by Madin-Darby canine kidney (MDCK) cells for up to 17 days postconfluence. All cultures were then routinely fixed and processed for electron microscopic morphometry. For cells grown on plastic for 17 days postconfluence, the linear density of transendothelial openings in endothelial prorfles <400 nm thick was found to be 0.007 openings per ,um. On MDCK matrix, however, the linear density of transendothelial openings in endothelial profiles <400 nm thick was found to be 0.157 per ,um. Occasionally some cells formed "tube-like" structures that also contained diaphragmed fenestrations and transendothelial channels on both sides of the tubes. These findings suggest that the substrate on which endothelial cells are grown can affect their differentiation.
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Numerous procedures have been reported detailing the conditions necessary to isolate and grow microvascular (capillary) endothelium in vitro (1) (2) (3) (4) . Cultured cells have been used to investigate their biochemistry and metabolism, as well as their involvement in more complex processes, such as cell-cell and cell-matrix interactions, angiogenesis, and uptake and discharge of macromolecules (5) (6) (7) (8) (9) (10) . However, endothelial cells apparently undergo partial dedifferentiation in vitro, since structures involved in transendothelial exchanges in vivo (i. e., plasmalemmal vesicles, diaphragmed fenestrations, and transendothelial channels) are reduced in number or lacking in vitro in fenestrated endothelia isolated from visceral capillaries (9, 10) . These findings raise the question as to what extent studies of the type mentioned above are relevant to normal in vivo conditions. They also point out the desirability of devising culture conditions under which the cells could retain their in vivo phenotype.
In the present study, we describe a cell culture procedure which reverses in part the in vitro dedifferentiation process of endothelial cells isolated from bovine adrenal cortex. When grown on a basement membrane (matrix) laid down by canine nephron epithelial cells, they respond by increasing the number of their diaphragmed fenestrations and transendothelial channels.
A preliminary report of this work has been published in an abstract (11) .
MATERIALS AND METHODS
Cells and Culture Medium. Madin-Darby canine kidney (MDCK) cells, obtained from the American Type Culture Collection, were grown at 370C in 35-mm-diameter tissueculture dishes (Costar, Cambridge, MA) in Dulbecco's modified Eagle's (DME) medium containing 10% fetal calf serum (GIBCO) in a humidified 95% air/5% CO2 incubator. MDCK cells were plated at 5 x 104 cells per dish and allowed to grow 5-11 days beyond confluence before being used.
Cloned bovine adrenal cortex endothelial cells (BACE) were used at passages 8-15 after cloning. The cells have been characterized and the conditions used for their cloning have been reported (9, 10) . Stock cultures were maintained and grown in culture dishes coated with 1% gelatin (Sigma) in phosphate-buffered saline pH 7.4 (Pi/NaCl, GIBCO). BACE cells were grown in DME medium containing 10%o donor calf serum (Flow Laboratories) in humidified 95% air/5% CO2 at 370C.
Preparation of MDCK Matrix-Coated Dishes and Endothelial Cell Plating. At 5-11 days postconfluence, MDCK cells were removed from 35-mm plastic-culture dishes by pouring off the medium and immediately immersing the entire dish into liquid nitrogen. After thawing at room temperature, the dishes were washed with a constant stream of distilled water until the MDCK monolayer was removed (confirmed with light microscopy). The plastic dishes retaining the extracellular matrix (basement membrane) produced by MDCK cells (referred to hereafter as MDCK matrix) were examined by phase-contrast microscopy for adherent membrane fragments and by fluorescence microscopy for matrix-associated F-actin [after staining them with N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)phallacidin, NBD-phallacidin (12) matrix up through 17 days postconfluence. The confluent cells overgrew each other in some areas creating a culture two cell layers thick by 3 days postconfluence. This overgrowth remained limited and patchy through all time periods studied. BACE cells formed junctions with each other as early as 3 days postconfluence that ranged from overlapping to interdigitating plates possessing occasional dense plaques associated with the apposed plasmalemmas. Cytoplasmic filaments were occasionally seen in association with these plaques and bundles of filaments (7 nm and 10 nm) were routinely found in all areas of cytoplasm >400 nm thick. In areas of cytoplasm s400 nm thick, 7-nm microfilaments were routinely seen beneath the plasmalemma forming a cytoskeletal infrastructure (Fig. 1C) .
Plasmalemmal vesicles and coated vesicles were observed routinely in cultured endothelial cells 3-17 days postconfluence. Occasional diaphragmed fenestrations were found as early as 3 days postconfluence, and this frequency did not appear to change with time (Fig. 1D) ; however, transendothelial channels were not observed at any time period.
These endothelial cells deposited matrix material beneath as well as between themselves (in areas of multiple cell thickness). Even after growing 17 days on their own matrix, BACE cells were not observed to form well defined tubes; however, small vacuoles in the endothelial cell cytoplasm were observed in these cells 17 days postconfluence, and these structures may represent tube precursors.
Endothelial Cells Grown on MDCK Matrix. Phase-contrast microscopy of the MDCK matrix on the plastic dishes revealed what appeared to be cell membrane fragments on less than 10% of the dish's total area. Eight different dishes were used to determine the total area of the dish occupied by membrane fragments. This was calculated from 14 random phase and fluorescence micrographs in which the area of the membrane fragments was estimated on each micrograph using circles of known sizes. The total area of membrane fragments was measured and then divided by the total area of the micrograph, and this expressed as a percentage was extrapolated to the entire dish. The same protocol was used to determine the area covered by membrane fragments fluorescing with NDB-phallacidin. The number offluorescing membrane fragments was divided by the number of phase detectable membrane fragments to estimate the percentage of membrane fragments containing F-actin. F-actin fluorescence, as revealed by NBD-phallacidin staining, was seen on approximately 80% of the phase-detectable membrane fragments adhering to the dish, while 20% of the total fluorescence was not detectable by phase-contrast microscopy.
Therefore, the total estimate for phase or fluorescence detectable cell fragments was approximately 12% of the total surface.
BACE cells adhered to the MDCK matrix material and grew without any pretreatment of the culture media. As early as 3 days postconfluence, plasmalemmal vesicles, coated vesicles, diaphragmed fenestrations, and transendothelial channels were occasionally observed in the endothelium. The average diameter of the transendothelial openings (diaphragmed fenestrations and transendothelial channels) was 66 nm (n = 53, range 45-87.5 nm); moreover, no difference was detected in the diameter of fenestrations or transendothelial channels at early time periods vs. late time periods. En face sectioning through fenestrations and/or transendothelial channels revealed that the fenestral and stomatal diaphragms consist of a central knob and numerous filaments radiating to the fenestral or channel rim, which is identical to the diaphragm structure described in situ in fenestrated endothelia.
As in the case of the cells on plastic, these endothelial cells overgrew each other and occasionally both the upper and lower layer of endothelium formed fenestrations. It is not known whether cells in the upper layer are in contact with the MDCK matrix material out of the plane of the section. By 3 days postconfluence these cells were observed to form "seamless tubes," which by 5 days postconfluence would occasionally form fenestrations on the matrix and free side of the tubes. By 10-17 days postconfluence, the frequency of these tubes containing multiple fenestrations on both sides seemed to increase (Fig. 2 A-D) .
Occasionally the endothelium became extremely attenuated (<100 nm) and within this narrow cytoplasmic space between the two apposed membranes, periodic knoblike structures were seen (Fig. 3) . The average center to center spacing between these knobs was determined to be -28 nm (n = 33, range 16-39 nm). Knobs with a similar spacing can be seen beneath the upper plasmalemma in Fig. 1C openings per ,um. The proportion of endothelial cell cytoplasm <400 nm thick was found to be highly variable and was estimated for both culture conditions to represent <25% of the total endothelial cell.
DISCUSSION
The fenestrated appearance of the capillary endothelium in the adrenal cortex in vivo has been reported (13, 14) . Clusters of transendothelial openings and an occasional opening lacking a diaphragm were detected; however, data on the numerical density ofthese openings and on the fractional area occupied by these openings was not collected. A detailed study of this type has been performed on murine exocrine pancreatic, intestinal mucosa, and kidney peritubular capillaries (15) . While this study examined various vascular beds in a different species, the results could be extrapolated to all fenestrated endothelia in vivo, subject to conformation.
The results, obtained through comparative analysis of endothelial cells grown on plastic vs. MDCK matrix, demonstrate that the linear density of transendothelial openings in these cells can be modulated by the matrix directly or by remnant matrix-associated MDCK cellular material. The linear density of openings on MDCK matrix (0.157 per ,um) represents a 22-fold increase in the number of transendothelial openings over the control cells grown on plastic (0.007 per gm), but it is less than the linear density of openings found in murine fenestrated capillary beds in vivo (15) (0.90, 1.40, and 2.11 openings per ,um for exocrine pancreas, intestinal mucosa, and kidney peritubular capillaries, respectively).
One major difference between the endothelial cells in vivo and in vitro is the amount of the endothelial cell areas which are <400 nm thick. In vivo, it has been shown that in fenestrated endothelia 66-82% of the endothelial cell area is s400 nm thick (15) The diaphragm covering the transendothelial openings in the endothelial cells in vitro, when examined en face by transmission electron microscopy, appears to have a central knob and radiating filaments. This image is identical to that seen in fenestrated endothelia in vivo (16, 17) . Additionally, the diameter of the transendothelial openings in vitro is comparable to the diameter found in fenestrated endothelia in vivo (15) . This indicates that the construction of diaphragms in vitro may be similar to that in vivo. It remains to be seen if cultured endothelial cells maintain "luminal" microdomains (18) in association with these diaphragms. (Fig. 1) or gelatin (9) . Thus, the interpretation of data on the permeability and electrical resistance of BACE monolayers should take this into consideration.
The periodic knoblike structures we have described in highly attenuated areas of cytoplasm (Fig. 3) have been documented in detail (22) . This same structure has been described in mammary epithelial cells in vivo (23) where it may be involved in the movement and fusion of caseincontaining vacuoles with the apical plasmalemma. We have also detected similar periodic knoblike structures in kidney peritubular capillaries (unpublished observation) which are in contrast much more extensive in vitro than in vivo. These structures were almost always found in areas containing transendothelial openings and may participate in the attenuation of the endothelium prior to the formation of fenestrations. The biochemical composition and function of these periodic knoblike structures, however, remains to be determined but the knobs are probably periodic concentrations of peripheral membrane proteins.
